A B S T R A C T Recently we demonstrated potassium secretion by the pars recta or by the descending limb of the juxtamedullary nephron. The purpose of this present investigation is to study the effect of a chronic high-potassium intake on this phenomenon. Fractional reabsorption of water and sodium by the juxtamedullary proximal nephron was decreased when compared to that in normal hydropenic rats. There was a striking increase in the fraction of filtered potassium at the end of the juxtamedullary descending limb from 94+11% to 180+18%, which was principally a result of enhanced potassium secretion. When the concentration of potassium in the collecting tubule fluid of potassium-loaded rats was reduced after the administration of amiloride, a sharp fall was observed in the amount of potassium which reached the end of the descending limb (64+8%). A direct correlation was observed between the fraction of filtered potassium at the end of the descending limb and the potassium concentration in the final urine (P < 0.001). The findings suggest that potassium, like urea, normally undergoes medullary recycling, which is enhanced by chronic potassium loading.
INTRODUCTION
We recently reported that potassium is normally secreted by the pars recta or by the descending limb of the juxtamedullary nephron (1) . ("Juxtamedullary" is used here to mean nephrons with long loops of Henle.) The purpose of this present investigation is to study the effect of a chronic high-potassium intake on this phenomenon because potassium loading augments secretion of potassium elsewhere in the renal tubule (2, 3) . The results demonstrate that potassium secretion by the juxtamedullary nephron is substantially increased. Furthermore, a very good correlation was found between the fraction of filtered potassium which remained at the end of the juxtamedullary descending limb in the exposed left renal papilla and the urinary fractional excretion of potassium from the right (unexposed) kidney. To distinguish cause and effect in this correlation, amiloride was administered to potassium-loaded rats. Amiloride inhibition of potassium secretion in the distal and collecting tubule downstream was associated with a sharp fall in the fraction of filtered potassium remaining upstream in the juxtamedullary descending limb. To account for these findings, we propose that in the renal medulla, potassium is reabsorbed by the collecting tubule and secreted into the juxtamedullary descending limb or pars recta; that is, potassium, like urea, normally undergoes medullary recycling, a process which is enhanced by chronic potassium loading. Group 1: Potassium-loaded rats, rnicropuncture of Hentle's loop and vasa recta. 13 rats were potassium-loaded as follows: seven rats were given a liquid diet with a high potassium content (0.38 mmol KCI/ml) for at least 7 days before the day ofmicropuncture. Six rats were fed a high-potassium pellet diet (2 mmol KCI/g) (ICN Pharmaceuticals, Inc., Life Sciences Group, Cleveland, Ohio) for the same length of time. In preliminary studies, six rats were placed in individual metabolic cages to assess the effectiveness of potassium loading as determined by urinary excretion of potassium per 24 h. Three rats were fed the liquid diet and three rats the solid diet. The average daily potassium intake was -20 meq with either diet.
The day of micropuncture, the animals were anesthetized with Inactin (Byk Gulden-Lomberg Chemische Fabrik gmbH, Konstanz, West Germany) (100 mg/kg body wt) and the left renal papilla exposed by methods previously described (4) . Urine from the unexposed right kidney was collected through a bladder catheter. The animals were infused at 0.03 ml/min with 0.9% saline which contained inulin at a concentration sufficient to maintain the plasma inulin concentration between 80 and 100 mg/100 ml. Samples were obtained by micropuncture of the descending limb near the bend of Henle's loop and from adjacent vasa recta. The collection technique for loop fluid and vasa recta plasma, and the criteria established before beginning the experiments for acceptable collections were identical to those previously described (5) .
Group 2: Normal hydropenic control rat. 18 Munich-Wistar rats were fed regular rat chow (0.13 mmol KCI/g). Urinary and plasma data and electrolyte concentrations in loop fluid and plasma from vasa recta for group 2 rats were previously reported (5) . Micropuncture experiments were performed with a protocol similar to that for group 1.
Group 3: Chronically water-loaded rats. Seven rats were placed in individual metabolic cages, fed regular rat chow, and given 10% dextrose in water to drink until their daily urine volumes equalled those ofpotassium-loaded rats. Micropuncture experiments were performed with a protocol similar to that for group 1 except that no vasa recta samples were obtained.
Group 4: Potassium-loaded rats, micropuncture of collecting duct. Seven rats were fed a high potassium diet for at least 7 days. Samples were obtained from the base and tip of a collecting duct of the left kidney with the dorsal exposure of the papilla recently described by Stein et al. (6) instead ofthe usual ventral approach. ("Base" refers to the region of the exposed papilla adjacent to the main body of the kidney.) Heavier rats were selected for this group to ensure a maximum length of exposed papilla.
Group 5: Amiloride-infused, potassium-loaded rats, loop of Henle and collecting duct micropuncture. Seven rats were prepared according to the protocol used in group 4. 45 min before micropuncture began, a loading dose of amiloride (1 mg/kg body wt) was administered intravenously, followed by a maintenance dose (0.4 mg/kg body wt/min) ofamiloride which was dissolved in normal saline and infused at a constant rate of 0.03 ml/min. Samples were obtained from the end of the descending limb and from the base and tip of a collecting tubule.
The osmolality and concentrations of sodium, potassium, and inulin of loop fluid, vasa recta plasma, urine from the right kidney, and femoral arterial plasma were determined by methods previously described (7) .
Values in vasa recta plasma were corrected for plasma water, assuming a vasa recta plasma protein concentration of 7 g/100 ml (5, 8) . Because the electrolyte concentrations in loop fluid and vasa recta plasma are in part determined by the osmolality of the medullary interstitium, the electrolyte composition of loop fluid from control rats and of vasa recta samples from both control and potassium-loaded rats was normalized with respect to the mean osmolality of loop fluid in potassiumloaded rats according to the following equation (5):
where E1 = corrected electrolyte concentration of loop fluid or vasa recta plasma; E2 = uncorrected electrolyte concentration of loop fluid or vasa recta plasma; Osm, = mean loop fluid osmolality in potassium-loaded rats; and Osm2 = osmolality of the corresponding E2 sample.
Statistical analysis between groups was done with Student's t test for comparing two independent means. The difference in electrolyte concentrations between loop fluid and vasa recta plasma was analyzed with Student's t test for paired determinations. A regression analysis was performed by the least squares' method (9) .
RESULTS
Comparison ofpotassium-loaded rats (group 1) with normally-fed rats (group 2). In rats fed the liquid or solid high-potassium diet, a steady-state of high-potassium intake and excretion was reached well before the 7th day. The potassium output was 21+1.7 meq (liquid diet) and 19+0.7 meq (solid diet) the 6th day, and urinary flow was 63+8.5 ml/24 h and 58+6.9 ml/24 h, respectively. The high urinary flow rates are presumed a result of the increased osmotic excretory load of potassium chloride.
Some parameters of arterial blood and right kidney function are presented in Tables I and II . There were no significant differences in mean blood pressure, hematocrit, and plasma sodium concentration between potassium-loaded and control rats. The mean plasma potassium concentration in potassium-loaded rats was higher than that in normal hydropenic rats. Glomerular filtration rate (GFR),1 urinary osmolality, and urine-tosystemic plasma (U/P) inulin in potassium-loaded rats were lower than the respective values in control rats.
The composition of loop fluid and fractional delivery of solute are shown in Tables III and IV. The tubule fluid-to-systemic plasma (TF/P) inulin in potassiumloaded rats was lower than that in control rats. There were no significant differences in TF/P osmolality or TF/P sodium. Although the mean TF/P potassium in potassium-loaded rats was higher than that in control rats, the difference was not statistically significant. The ([TF/P potassium]:[TF/P sodium]) ratio in potassiumloaded rats, however, significantly exceeded that in control rats, which indicates that fractional delivery of potassium relative to that of sodium was higher in potassium-loaded rats. The percentage of filtered load ofpotassium ([TF/P potassium]: [TF/P inulin]) x 100, in potassium-loaded rats, 180+18%, was almost double that in normal rats. The value is significantly higher than 100% (P < 0.001), which is unequivocal evidence for potassium secretion (i.e., net potassium addition) by the juxtamedullary nephron proximal to the hairpin turn.
A comparison of electrolyte concentrations in Henle's 1Abbreviations used in this paper: GFR, glomerular filtration rate; TF/P, tubule fluid-to-systemic plasma; U/P, urine-tosystemic plasma. (Table V) .
Comparison ofpotassium-loaded rats (group 1) with water-loaded rats (group 3). Group 3 animals were used to exclude nonspecific effects as a result of the copious urinary flow induced by the large osmotic load of potassium chloride. As shown in Tables I and  II , the mean arterial blood pressure, hematocrit, plasma sodium, and potassium concentrations in chronically water-loaded rats did not differ significantly from corresponding values for potassium-loaded rats. The GFR, U/P inulin, and urinary osmolality in chronically waterloaded rats were greater than the respective values in potassium-loaded rats. Urinary excretion of potassium was less in chronically water-loaded rats than in potassium-loaded rats.
The TF/P inulin of loop fluid in chronically waterloaded rats exceeded that in potassium-loaded rats (Tables III and IV) . No significant differences in TF/P sodium and TF/P osmolality were observed between the two groups, but the TF/P potassium in chronically water-loaded rats was lower than that in potassiumloaded rats. The percentage of filtered sodium reaching the end of the juxtamedullary descending limb was less in chronically water-loaded rats than in the potassium-loaded group. The most striking finding, however, is that the percentage of filtered potassium remaining at the end of the descending limb in chronically waterloaded rats was one-third that of potassium-loaded rats. Group 4 (potassium-loaded rats, micropuncture of collecting duct). These rats were studied in an attempt to determine the source of the potassium secreted into the pars recta or descending limb (Discussion). The direction and magnitude of net transtubular potassium movement across the papillary collecting duct was assessed by comparing samples of collecting duct fluid obtained at the base of the papilla with those obtained at the tip. To insure maximum exposure of papilla, and therefore maximum length of papillary collecting duct accessible to micropuncture, heavier rats were selected and a dorsal approach through a flank incision (6) was employed, rather than the standard ventral approach through a midline incision. (The dorsal aspect of the exposed papilla is longer than its ventral aspect.) The blood pressure, hematocrit, and plasma sodium and potassium concentrations in groups 1 and 4 were similar (Tables I and II) . GFR was greater; urinary osmolality and urinary excretion of potassium were slightly higher as well.
Analyses of collecting tubule fluid are summarized in Table VI . There was a significant rise in TF/P osmolality and TF/P inulin; the latter reflects net water reabsorption equivalent to 0.9% of GFR. Net reabsorption of total solute and sodium also occurred. These values are essentially similar to those reported previously from this laboratory for normal hydropenic rats (4) . The fraction of filtered potassium in collecting tubule fluid at the base ofthe exposed papilla (68%) was not significantly different from that excreted (71%); i.e., on the average, there was no detectable net transtubular movement of potassium across the exposed segment of papillary collecting tubule in the potassium-loaded rats.
Group 5 (potassium-loaded rats, infusion of amiloride). These experiments represent another approach to determining the source of potassium secreted by the pars recta or by the descending limb of the juxtamedullary nephron (Discussion). Before administration of amiloride, the mean plasma potassium concentration (not shown) was 5.4 meq/liter, which is similar to that in groups 1 and 4; after amiloride, plasma potassium reached high levels (Tables I and II) . U/P inulin was significantly lower in this group than in any of the other four groups. Fractional excretion of potassium was strikingly reduced while that of sodium was increased substantially. The micropuncture data (Tables III and IV) presumably reflect the diuretic-induced rpduction in extracellular fluid volume. Thus the higher mean TF/P inulin and reduced fraction of filtered sodium which remain suggest increased salt and water reabsorption in the juxtamedullary proximal tubule. The TF/P potassium and TF/P potassium-to-TF/P sodium ratios were significantly reduced. The fraction of the filtered load of potassium remaining (64+8%) was sharply decreased to one-third of that in potassium-loaded rats. As shown in except for the rise in TF/P inulin. When the values in group 5 are compared with corresponding values in group 4, the TF/P sodium at the base and tip in group 5 are higher, and the fraction of the filtered load of sodium which remains at the base and tip in group 5 is also higher. In sharp contrast, the fraction of filtered load ofpotassium remaining at the base and tip in group 5 (16 and 10%, respectively), is much lower than in group 4 (68 and 71%, respectively).
Correlation offraction offiltered potassium in end descending limb fluid with urinary potassium. The fraction of filtered potassium at the end of the descending limb in groups 1-3 was plotted as a function of fractional excretion of potassium in the urine from the right kidney. The results, shown in Fig. 1 , reveal a very good correlation (y = 18.9 + 3.7x; r = 0.81; P < 0.001). When the results of the amiloride-treated rats (group 5) are combined with groups 1-3, a similar correlation is observed (Fig. 1) . Amiloride, like furosemide (1) , decreased the fraction of filtered potassium in loop fluid, but, unlike furosemide, reduced urinary excretion of potassium (Fig. 1) . A finding common to both amiloride-and furosemide-treated rats, however, is a significantly lower urinary potassium concentration. Therefore, the fraction of potassium remaining in loop fluid (dependent variable) was plotted against urinary potassium concentration (independent variable) in the two diuretic groups as well as in groups 1-3 (Fig 2) . Again a good correlation is observed, but in contrast in indistinguishable from those of the other groups (y = 42.4 + 0.34x; r = 0.50; P < 0.001).
DISCUSSION
The complicated course by which potassium entering the kidney in arterial blood reaches the final urine has been the subject of several recent reviews (2, 3, 10) and a symposium (11) . This present study suggests a new pathway: potassium is reabsorbed from collecting tubule fluid and reenters the juxtamedullary nephron in either its pars recta or descending limb segment. Medullary recycling of potassium appears to be present under normal conditions and is augmented by chronic potassium loading.
Having previously demonstrated potassium secretion by the pars recta or by the descending limb of the juxtamedullary nephron (1), we studied rats fed a highpotassium diet to assess its effects on this phenomenon. Two unavoidable experimental limitations are apparent: (a) the use of anesthesia and (b) the inaccessibility of most nephrons and most of the collecting tubule system to micropuncture. Unanesthetized rats ingesting a high-potassium diet excreted 20 meq potassium/100 g body wt per day, which represents _2.5 times their estimated filtered load of potassium. (Assuming the GFR was 1 ml/100 g body wt per min [4] , the calculated filtered load of potassium in the unanesthetized potassium-loaded rats = 7.6 meq/day. If average total excretion is 20 meq/day, excretion is 2.6 times the filtered load.) When anesthetized, similarly fed rats excreted only 38-61% of their filtered load of potassium (Tables I and II) , results similar to those reported by others (12) . At least two factors impair potassium excretion during anesthesia: low urinary flow and decreased extracellular fluid volume. Urinary flow from the right kidney during anesthesia averaged 6 ul/min per g kidney wt, or about 15% of the urinary flow in unanesthetized potassium-loaded rats. Because tubule fluid flow rate, particularly in the distal nephron, influences net potassium secretion (2, 3, 10-13), the antidiuretic state undoubtedly reduced urinary excretion of potassium. The second factor to compromise potassium excretion, recently elucidated by Maddox et al. (14) , and confirmed by us (15) , is the combination of anesthesia and surgery necessary to prepare rats for micropuncture, which may reduce intravascular and extracellular fluid volume by as much as 20%. As a consequence, proximal sodium reabsorption will be enhanced (16) and distal potassium secretion diminished (2, 3, 10, 11, 17, 18) .
Despite these limitations, a new finding clearly emerges from this study: during chronic high-potassium intake, fractional delivery of potassium to the juxtamedullary end-descending limb is increased sharply from 94% to 180%, which reflects an increase in potassium secretion by the pars recta or by the descending limb (Tables III and IV) . The data from this present study, shown in Fig. 1 , reveal a very good correlation between the fraction of filtered potassium at the end of the descending limb and urinary fractional excretion of potassium. Assuming that it is not fortuitous, the correlation implies a causal relationship between the two variables, but does not distinguish cause and effect. Either the increased urinary excretion of potassium is the result ofthe increased potassium remaining in descending limb fluid or it is the cause thereof. These two interpretations are illustrated in Fig. 3 . The first hypothesis (Fig. 3A) may be stated as follows: A mechanism exists whereby potassium in the interstitium of the renal medulla is secreted into the pars recta or the descending limb of the juxtamedullary nephron, which increases the mass flow ofpotassium that reaches the hairpin turn. Somewhere in the ascending limb, potassium is reabsorbed and then secreted directly into collecting tubule fluid, thereby augmenting overall uri- nary excretion of potassium.2 According to the second hypothesis (Fig. 3B) To distinguish between these two hypotheses, the experiments described in groups 4 and 5 were performed. If potassium secreted into the pars recta or the descending limb of the juxtamedullary nephron is a source of potassium for secretion into collecting tubule fluid (Fig. 3A) , an increase in potassium remaining in the collecting tubule fluid between base and tip of the exposed papilla (i.e., net potassium addition) should be detected. If the alternative hypothesis (Fig. 3B) is correct, net removal of potassium by the collecting tubule in the exposed papilla should be observed. As shown in Table IV , however, neither addition nor resecretedl into the pars recta or the descending limb is not reabsorbed by the ascending limb and is delivered directly to the collecting tubule via the juxtamedullary distal tubule (Discussion).
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Battilana, Dobl1ati, Laci , Bhattacharya, Johnston, andl Jamisoo A -K1j absorption was consistently demonstrable. This inconsistency has been previously reported by our laboratory (4) and by Diezi et al. (20) and may be a result of an insufficient length of collecting tubule accessible to micropuncture in the exposed papillary tip.
It appeared that the key region ofthe collecting tubule in which either secretion or reabsorption occurred must lie upstream in the inaccessible portion of the collecting tubule system, i.e., somewhere in the cortex, outer medulla, or inaccessible region of the inner medulla. (We include the cortical collecting tubule here for completeness, although it seems unlikely that potassium is reabsorbed in this segment normally [21] .) Therefore, the experiments in group 5 were performed, based on the rationale that if the collecting tubule is the source of potassium destined for secretion in the pars recta or in the descending limb (Fig. 3B) , then reducing the mass flow ofpotassium in the collecting tubule should decrease potassium available for secretion into the juxtamedullary nephron, thereby causing the fraction of potassium which remains at the end of the descending limb to fall. On the other hand, if loop fluid is a source ofpotassium secreted by the collecting tubule (Fig. 3A) , then reducing the amount of potassium reaching the collecting tubule should not decrease the filtered load of potassium at the end-descending limb, because potassium secretion upstream in the pars recta or the descending limb should not be diminished by a reduction in potassium flow downstream in the collecting tubule.
Amiloride was selected for the purpose of reducing potassium flow in the collecting tubule. It was assumed that the drug has no direct effect on potassium secretion by the pars recta or the descending limb, or on potassium reabsorption by the proximal tubule, in accord with in vitro (21) and in vivo (22, 23) studies, except that by Deetjen (24) who reported a rise in endproximal TF/P inulin associated with a marked decline in GFR, which he attributed to intratubular precipitation of amiloride in the distal nephron. Although we cannot exclude intratubular blockade, the fact that GFR in amiloride-treated potassium-loaded rats (group 5) was the same as in potassium-loaded rats not given the drug (group 1) indicates that it could not have been extensive. In addition, in potassium-loaded rats, the passage time of an intravenous bolus of a dye, FDC Blue, when measured from glomeruli to end-accessible proximal tubules and from glomeruli to loops to Henle in the exposed renal papilla, did not increase after amiloride administration (unpublished observations). Finally, the decrease in the fraction of sodium (24%) and water (14%) remaining at the end of the descending limb in the amiloride-treated rats represents only a small portion of the 116% fall in potassium remaining at the same site (Tables III and IV) .
As shown in Table I , amiloride had the expected natriuretic effect and profound inhibition of potassium excretion in chronically potassium-loaded rats. The same effects were observed in the collecting tubule of the exposed kidney (Table VI) , and agree well with the recent report of Stein et al. (25) . With these results in mind, the findings presented in Table III for the amiloride-treated rats clearly distinguish between the two hypotheses in Fig. 3 . The fraction of filtered potassium at the end-descending limb in potassiumloaded animals was reduced nearly threefold to 64 +8%, as predicted by hypothesis "B".
If hypothesis B is correct, and if potassium reabsorption by the collecting tubule is influenced by the transtubular difference in potassium concentration between collecting tubule urine and medullary interstitium, then one might expect to find a correlation between the fraction of filtered potassium at the end of descending limb and urinary potassium concentration. Data in the present experiments plus those observed after administration of furosemide (1) , are plotted in Fig. 2 and demonstrate a good correlation.3 (Furosemide-induced changes in medullary blood flow might also alter potassium addition to the pars recta or to the descending limb).
In summary, the hypothesis which accounts for the findings in all five groups and the relationships depicted in Figs. 1 and 2 is that potassium is reabsorbed by the collecting tubule somewhere between its origin in the cortex and the terminal papillary segment (presumably in the medullary collecting tubules), and regains entry into the juxtamedullary nephron by secretion either into the pars recta or the descending limb of the juxtamedullary nephron (Fig. 3B) .
Role of medullary potassium recycling. The physiological implications of potassium recycling are unclear partly since what happens to potassium between hairpin turn and juxtamedullary distal tubule is unknown. Because the electrochemical gradient appears unfavorable for potassium reabsorption from the thin ascending limb (Table V) and (5, 26, 27) , and because a recent study by Burg and Bourdeau (28) suggests potassium secretion may predominate in the initial portion ofthe cortical thick-ascending limb, some ofthe potassium added to the juxtamedullary pars recta or the descending limb may conceivably reach the collecting tubule.
The suggestion that potassium undergoes medullary recycling is not intended to exclude potassium secre- 3 In our previous paper (1), we also reported that benzolamide caused an increase in the fraction of filtered potassium remaining at the end of the juxtamedullary descending limb. These data are not shown in Figs. 1 or 2 because the effect of benzolamide on potassium reabsorption in the proximal tubule is uncertain.
Effect of Chronic Potassium Loading on Juxtamedullary Potassium Secretiontion by the collecting tubule, for which there is considerable evidence (2, 12, 13, 18, 25, (29) (30) (31) (32) (33) (34) . The variability between potassium remaining in the late distal tubule fluid and that in the urine (12, 13, 18, 24, 33, 34) , and even between base and tip of the exposed papillary collecting tubule, however, is well known. Reversal of net potassium transport as one descends from the cortical to the medullary collecting tubule may account for this variability-secretion predominating in the cortical segment, reabsorption in the medullary segment. The key factor which determines the overall result may be the fluid flow rate (12, 13, 35) . Under circumstances of high urinary potassium excretion and low urinary flow, the potassium concentration in collecting tubule fluid would reach very high levels in the absence of potassium reabsorption by the medullary collecting tubule, as pointed out by Reineck et al. (35) .
Further investigations are necessary to assess the importance of this phenomenon.
